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Abstract The Integrated Biosphere Simulator (IBIS)—a
Dynamic Global Vegetation Model—was validated by
simulating the potential natural vegetation map of
China using data on monthly mean climate from 1961 to
1990, soil texture, and topography. Although the vege-
tation map simulated by IBIS was able to describe the
sketch of vegetation patterns in China, the distributions
of several plant functional types (PFTs) and vegetation
types were still simulated incorrectly, especially in east-
ern temperate areas, southern subtropics, the southern
Sichuan basin, and the Hengduan mountains area. By
adjusting some of the climatic constraints and physio-
logical parameters of PFTs deﬁned in IBIS, the simu-
lated distributions of PFTs became reasonable, and the
simulated vegetation map ﬁtted the natural vegetation
map better. The kappa statistic between the simulated
and the natural vegetation maps was 0.76, an increase of
16.9% from the previous parameter adjustment of 0.65.
Correspondingly, the degree of agreement between these
two maps rose from ‘‘good’’ to ‘‘very good’’. After the
parameter adjustments, IBIS became more suitable for
the large-scale simulation of Chinese natural vegetation
distributions and could provide a powerful support to
reveal the dynamic responses of terrestrial ecosystems to
climate change in China.
Keywords Integrated Biosphere Simulator Æ Potential
natural vegetation Æ Plant functional types Æ Parameter
adjustments Æ China
Introduction
The terrestrial biosphere is the major carrier of life on
Earth. A wide variety of terrestrial ecosystem models
have emerged in an attempt to elucidate its processes,
including those of land surface (e.g., Dickinson et al.
1986; Sellers et al. 1986; Pollard and Thompson 1995),
terrestrial biogeochemistry (e.g., Running and Gower
1991; Melillo et al. 1993; Parton et al. 1993; Potter et al.
1993), and global vegetation biogeography (e.g., Pre-
ntice et al. 1992; Neilson and Marks 1994). However,
these separately designed models consider a limited
range of ecosystem processes. In developing a height-
ened understanding of the relationships between the
terrestrial biosphere and the atmosphere, models have
been designed to link land surface and terrestrial bio-
geochemical processes (e.g., Sellers et al. 1992; Bonan
1995), and equilibrium vegetation cover and terrestrial
biogeochemistry processes (e.g., Haxeltine and Prentice
1996). Another limitation of these models is that they
focused mostly on the equilibrium state of terrestrial
ecosystems. Recently, a new generation of global bio-
sphere models (e.g., Foley et al. 1996; Friend et al. 1997;
Sitch et al. 2003), termed Dynamic Global Vegetation
Models (DGVMs), have been developed to represent the
dynamic responses of vegetation composition and
structure to environmental change.
Integrated Biosphere Simulator (IBIS), a DGVM
that can simulate dynamically the transient interactions
between vegetation and atmosphere, is a comprehensive
model of the terrestrial biosphere and atmosphere. It
represents a wide range of biophysical and biogeo-
chemistry processes, including land surface physics,
canopy physiology, vegetation dynamics and competi-
tion, carbon and nutrient cycling, and plant phenology
(Foley et al. 1996; Kucharik et al. 2000). Since its
establishment, IBIS has been validated, modiﬁed, and
applied in simulating vegetation structures, land surface
water, and energy and carbon ﬂuxes (Delire and Foley
1999; El Maayar et al. 2001, 2002, 2008, 2009; Naik et al.
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2003, 2004; Twine et al. 2004; Liu et al. 2005; Kucharik
et al. 2006; Vano 2006, 2008; Zheng and Wang 2007; Zhu
et al. 2010). It has been coupled withAtmospheric General
Circulation Models to simulate the interactions between
the atmosphere and the biosphere (Foley et al. 1998;Wang
and Eltahir 2000; Delire et al. 2002, 2004; Higgins 2004;
Snyder et al. 2004), as well as with hydrologic models to
simulate the interactions between the hydrosphere and the
biosphere (Coe et al. 2002;Donner 2002;Kim2004;Li et al.
2005). Moreover, IBIS has been used to study the water,
heat, and momentum balance of agro-ecosystems after its
modiﬁcation (Kucharik et al. 2001; Kucharik and Brye
2003; Kucharik and Twine 2007; Twine 2008; El Maayar
and Sonnentag 2009).
China is deeply inﬂuenced by the monsoon climates
and the Tibetan plateau, and it has its own characteristic
relationship between the natural vegetation distribution
and climate conditions (Zhang et al. 2007b). Whether
the IBIS, which is developed based on the average global
vegetation–climate relationship, could be applied to the
large-scale simulation of the natural vegetation distri-
bution in China needs further testing.
In the present study, the potential natural vegetation
map of China was simulated by IBIS using data on
monthlymean climate from1961 to 1990, soil texture, and
topography. Using the kappa consistency test (Monserud
and Leemans 1992; Prentice et al. 1992), the simulated
vegetation map was compared with the Vegetation
Regionalization Map of China (1:6,000,000). The vege-
tation regionalization map divides the land of China into
six ranks of vegetation regions (region, sub-region, zone,
sub-zone, area or province, and district or area) according
to diﬀerences in natural vegetation combinations and
geographical characteristics over diﬀerent spatial scales
(Zhang et al. 2007a). In the present study, whenever the
simulated vegetation distribution departed from reality,
some parameters in IBIS were adjusted so that IBIS could
be applied better to large-scale simulation of natural
vegetation distributions in China.
Methods
Model description
On the basis of basic physiolognomy (trees versus shrubs
vs grasses), leaf habit (evergreen vs deciduous), leaf form
(broadleaf vs needleleaf), and physiology (C3 vs C4
pathways), IBIS classiﬁes terrestrial plants into 12 plant
functional types (PFTs): tropical broadleaf evergreen
trees, tropical broadleaf drought-deciduous trees, warm-
temperate broadleaf evergreen trees, temperate conifer
evergreen trees, temperate broadleaf cold-deciduous
trees, boreal conifer evergreen trees, boreal broadleaf
cold-deciduous trees, boreal conifer cold-deciduous
trees, evergreen shrubs, cold-deciduous shrubs, warm
(C4) grasses, and cool (C3) grasses. The geographical
distribution of PFTs is determined by a set of climatic
constraints including cold tolerance limits, growing de-
gree-day requirements, and minimum chilling require-
ments. In each grid cell, a number of PFTs can exist
simultaneously and compete for light and water
according to their physiological parameters as deﬁned in
IBIS (Foley et al. 1996; Kucharik et al. 2000).
IBIS is designed to integrate land surface processes,
vegetation phenology, terrestrial carbon balance and
nitrogen cycling, and vegetation dynamics within a sin-
gle physically consistent model. It is organized in a
hierarchical framework and operated at diﬀerent time
steps (Fig. 1).
The land surface module represents the energy, wa-
ter, carbon dioxide, and momentum balance of the soil–
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Fig. 1 Schematic diagram of the
Integrated Biosphere Simulator
(IBIS) (Kucharik et al. 2000)
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vegetation–atmosphere system using two vegetation
canopies (trees versus shrubs and grasses) and six soil
layers, which have top-to-bottom thicknesses of 0.10,
0.25, 0.50, 1.00, 2.00, and 4.00 m. The vegetation phe-
nology module describes the cycles of leaf display and
physiological activities that are triggered by climatic
events. The below-ground carbon and nitrogen cycling
module represents the ﬂow of carbon and nitrogen
among the vegetation, detritus, and soil organic matter
pools. The vegetation dynamic module categorizes the
global vegetation types into 15 biomes, which are rep-
resented as collections of PFTs. As the composition of
PFTs in any grid cell changes along with the variation
in climatic conditions, the biome of the grid cell will
change accordingly (Foley et al. 1996; Kucharik et al.
2000).
Input data
In the present study, IBIS was executed at 0.5 · 0.5
latitude–longitude grid resolution over the land of China
without inputting the initial vegetation type and the
meteorological anomaly data. Soil texture data were
obtained from the Center for Sustainability and the
Global Environment (http://www.sage.wisc.edu/down
load/IBIS/ibis.html), and was reformatted from the
Global Soil Data Products CD-ROM issued by the
International Geosphere-Biosphere Programme-Data
and Information Services. The topography data were a
resample of the Chinese digital elevation model obtained
from the Data Sharing Infrastructure of Earth System
Science of China (http://www.geodata.cn/Portal/index.
jsp), the original resolution of which was 30¢¢. The cli-
mate data inputted into IBIS, including monthly mean
air temperature, precipitation, relative humidity, cloud-
iness, diurnal temperature range, wind speed, and the
number of wet days, were obtained from 563 meteoro-
logical stations in China (Fig. 2) averaged between 1961
and 1990. These data were interpolated into 0.5 · 0.5
grids using the program package ANUSPLIN (Hutch-
inson 2004). The coeﬃcients of determination (R2) be-
tween the interpolations and observations indicated that
the simulated monthly mean air temperature, precipita-
tion, relative humidity, cloudiness, diurnal temperature
range, the number of wet days, and wind speed ﬁtted the
observed values reasonably with the average R2 being
equal to 0.997, 0.900, 0.991, 0.963, 0.989, 0.992, 0.995,
and 0.800, respectively.
Parameters adjustments
From the biomass distributions of PFTs simulated by
IBIS (Fig. 3), which were used in this study to show the
primary and secondary relation of the spatial distribu-
tion of each PFT, it could be seen that IBIS was unable
to accurately simulate the distribution of PFTs in
China. First, the distribution areas of tropical broadleaf
evergreen trees and tropical broadleaf drought-decidu-
ous trees were too large to appear in the southern
Sichuan basin of the subtropics in China (Fig. 3a, b).
Second, warm-temperate broadleaf evergreen trees were
distributed mostly in the subtropics (Fig. 3c). Third,
temperate broadleaf cold-deciduous trees and temperate
conifer evergreen trees should be the dominant PFTs in
eastern temperate areas (Zhang et al. 2007a); however,
the areas they occupied as simulated by IBIS were too
small (Fig. 3d, e) and a large portion of the eastern
temperate areas were dominated by warm (C4) grasses
(Fig. 3k). Fourth, boreal conifer cold-deciduous trees
should be the dominant PFT in the northern Da
Hingganling mountainous areas (Zhang et al. 2007a),
but boreal broadleaf cold-deciduous trees distributed
identically with the boreal conifer cold-deciduous trees
in the simulation (Fig. 3g, h). Fifth, although shrubs
are widely distributed in China, they should not be the
dominant PFTs (Zhang et al. 2007b). Nevertheless, the
simulation indicated that shrubs occupied the temperate
steppe region and the Tibetan plateau alpine meadow
region (Fig. 3i, j) instead of grasses (Zhang et al.
2007a).
Hence, some of the parameters in IBIS were adjusted
before use to simulate large-scale vegetation distribu-
tions in China. The cold tolerance limit of tropical trees
was adjusted from 0 to 5C, as the average annual
absolute minimum temperature in Chinese tropics is
5C (Zhang et al. 2007b). The warm-temperate broad-
leaf evergreen trees in IBIS were renamed as subtropical
broadleaf evergreen trees (Fang and Yoda 1991), given
that the range of absolute minimum temperature in the
warm-temperate zone (10 to 5C) deﬁned in IBIS is
similar to that in the subtropics in China (Zhang et al.
2007b). Simultaneously, the boundary of the absolute
minimum temperature between temperate and sub-
tropical forest systems was adjusted from 0 to 10C.
The foliar biomass turnover time constant (sleaf) of cool
(C3) grasses was adjusted to 1.00 years, because the
cool (C3) grasses, consisting mainly of Leymus Chin-
ensis (Trin.) Tzvel., Stipa capillata Linn. and Kobresia
myosuroides (Villars) Fiori (Zhang et al. 2007b) in
China, always wither in autumn and turn green in
spring. In addition, the speciﬁc leaf area (r) of the
boreal conifer cold-deciduous trees and tropical
broadleaf drought-deciduous trees was ﬁnely adjusted
(Yan et al. 2000; Zhang and Luo 2004; Li et al. 2007a,
b) to make the competition among the PFTs more
reasonable (Table 1).
Comparison of vegetation maps
According to the composition of PFTs and the domi-
nant PFT in any particular area, IBIS categorizes the
terrestrial vegetation into 15 biomes: tropical evergreen
forest/woodland, tropical deciduous forest/woodland,
temperate evergreen broadleaf forest/woodland, tem-
perate evergreen conifer forest/woodland, temperate
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deciduous forest/woodland, boreal evergreen forest/
woodland, boreal deciduous forest/woodland, mixed
forest/woodland, savanna, grassland/steppe, dense
shrubland, open shrubland, tundra, desert, and polar
desert/rock/ice.
To measure the performance of vegetation simulation
in China by IBIS, the simulated biomes pattern was
compared with the Vegetation Regionalization Map of
China (1:6,000,000). The vegetation regionalization of
this map and the biome pattern simulation by IBIS had
the same base; both were based on regional diﬀerences in
the natural environment, such as climate, geography,
vegetation, etc. However, they diﬀered in terms of their
classiﬁcation and naming rules. In comparing the biome
pattern simulated by IBIS with the Vegetation Region-
alization Map of China (1:6,000,000), the terrestrial
vegetation in China were classiﬁed into eight types:
tropical monsoon rain forest and rain forest, subtropical
evergreen broadleaf forest, temperate deciduous broad-
leaf forest and conifer forest, temperate steppe, tem-
perate desert, boreal or alpine conifer forest and
deciduous broadleaf forest, alpine meadow, steppe and
scrub, and alpine desert (Table 2). The following are the
reasons for reclassiﬁcation:
1. The Vegetation Regionalization Map was not able to
distinguish between evergreen and deciduous forests
in the Chinese tropics; hence, the two tropical biomes
deﬁned in IBIS were uniﬁed into ‘‘tropical monsoon
rainforest.’’
2. For subtropical evergreen broadleaf forests (called
temperate evergreen broadleaf forests in IBIS), the
Vegetation Regionalization Map categorized some
mountain areas (IVAi-4, IVAiia-7, and IVBiii) into
the subtropical vegetation region for keeping the
subtropics spatially integrated, despite the fact that
the dominant PFTs in these areas are deciduous
broadleaf trees and evergreen conifer trees (Zhang
et al. 2007b). IVAi-4 and IVAiia-7 were merged into
temperate forest, and IVBiii into boreal or alpine
forest according to their average growing degree days
above 5C (GDD5 and GDD5 = 1,200 represent the
threshold between temperature and boreal areas de-
ﬁned in IBIS).
3. Deciduous broadleaf trees and evergreen conifer trees
are the two dominant PFTs in most Chinese tem-
perate forests (Zhang et al. 2007b). The mixed forest
and the two temperature biomes deﬁned in IBIS
(temperate evergreen conifer forest and temperate
deciduous forest), and the two temperature forest
regions of the Vegetation Regionalization Map
(warm temperate deciduous broadleaf forest, and
temperate mixed needleleaf and deciduous broadleaf
forest) were categorized into ‘‘temperate deciduous
broadleaf forest and conifer forest.’’ VIAia-1 is a
transitional zone from forest to steppe (Zhang et al.
2007b); it was categorized into the steppe region in
the Vegetation Regionalization Map for keeping the
vegetation region spatially integrated. Given that the
dominant vegetation types in VIAia-1 are deciduous
broadleaf forest and evergreen conifer forests, it was
merged into ‘‘temperate deciduous broadleaf forest
and conifer forest.’’
4. Savanna, steppe, dense shrubland and open shrub-
land (as deﬁned in IBIS), and the temperate steppe
region in Vegetation Regionalization Map were
categorized into ‘‘temperate steppe.’’ The dominant
PFTs in temperate steppe are grasses and shrubs.
VIAia-2 and VIAia-3 were merged into boreal or
alpine forest because their dominant PFTs are trees
and the average GDD5 was less than 1,200.
Fig. 2 Geographic distribution of
the 563 meteorological stations
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5. Deserts deﬁned in IBIS are quite near the temperate
desert region in the Vegetation Regionalization
Map, except the VIIBib-2 and VIIBib-3. The aver-
age GDD5 in these two vegetation sub-zones was
less than 350, which, based on the thickness of
vegetation, qualiﬁes them as tundra or polar desert
in IBIS.
6. The boreal evergreen forest and boreal deciduous
forest (as deﬁned in IBIS), and the cold-temperate
needleleaf deciduous forest region, VIAia-2, VIAia-
3, and IVBiii in the Vegetation Regionalization Map
were categorized into ‘‘boreal or alpine conifer for-
est and deciduous broadleaf forest.’’ These biomes
or vegetation regions are dominated by boreal for-
ests.
7. In IBIS, tundra is deﬁned as the meadows in which
the average GDD5 is less than 350. Tundra deﬁned
in IBIS is very close to the Tibetan plateau alpine
vegetation region in the Vegetation Regionalization
Map, except VIIICi. The average GDD5 in VIIICi
was less than 100, which is considered as a polar
desert in IBIS.
8. The polar desert/rock/ice deﬁned in IBIS, and the
VIIICi and VIIBib-3 in the Vegetation Regionali-
zation Map were categorized into ‘‘alpine desert.’’
In alpine desert, the dominant PFTs are grasses and
shrubs (Zhang et al. 2007b), and the average GDD5
is less than 100.
In the present study, the kappa agreement statistic
method (Monserud and Leemans 1992; Prentice et al.
1992) was used to quantify the agreement between the
simulated vegetation map and the Vegetation Region-
alization Map of China (1:6,000,000). The kappa sta-
tistic j between these formatted maps is given by
j ¼ po  peð Þ= 1 peð Þ: ð1Þ
When j gets close to 0, the agreement is approximately
random. A j value equals 1 means that the two maps
are completely identical. By letting pij be the propor-
tion of the total number of grid cells that belongs to the
category i in one map and belongs to the category j in
another, the overall proportion of agreement po can be
calculated as
po ¼
Xm
i¼1
pii; ð2Þ
where m is the number of vegetation types, and pii is the
proportions of grid cells on which both maps agree.
The overall expected value of agreement pe due to
chance is calculated as
pe ¼
Xm
i¼1
pi:p:i: ð3Þ
An individual kappa statistic for the category i is cal-
culated asT
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The threshold values used in the present study for
separating the diﬀerent degrees of agreement for the
kappa statistics followed those of Monserud and Lee-
mans (1992) (Table 3).
Results
Simulated distributions of PFTs after parameter
adjustments
The simulated distributions of PFTs after parameter
adjustments preferably should reﬂect the actual situation
in China. Tropical broadleaf evergreen trees and tropical
broadleaf drought-deciduous trees completely entered
the tropics (Fig. 4a, b). Along with the adjustment of the
absolute minimum temperature boundary between the
tropics and subtropics from 0 to 5C, the distribution
scope of the subtropical broadleaf evergreen
trees—originally called warm-temperate broadleaf
evergreen trees in IBIS—expanded southward reason-
ably (Fig. 4c). Temperate broadleaf cold-deciduous trees
and temperate conifer evergreen trees became the dom-
inant PFTs in the eastern temperate areas (Fig. 4d, e).
Boreal conifer cold-deciduous trees occupied the north-
ern Da Hingganling mountainous areas (Fig. 4f–h).
Table 2 Uniﬁed vegetation types of the simulated and the natural vegetation maps
Uniﬁed vegetation types Biomes of IBIS Vegetation types in Vegetation Regionalization
Map of China (1:6,000,000)a
Tropical monsoon rain forest
and rain forest
Tropical evergreen forest/woodland V. Tropical monsoon rain forest and rain forest
Tropical deciduous forest/woodland
Subtropical evergreen
broadleaf forest
Temperate evergreen broadleaf forest/
woodland
IV. Subtropical broadleaf evergreen forest
(except IVAi-4, IVAiia-7, and IVBiii)
Temperate deciduous broadleaf
forest and conifer forest
Temperate evergreen conifer forest III. Warm temperate deciduous broadleaf forest
IV. Temperate mixed needleleaf and deciduous
broadleaf forest
Mixed forest/woodland IVAi-4. Qinling–Dabashan mountains and hills
Quercus spp. forest area Pines henryi, Pines
armandii forest
Temperate deciduous forest/woodland IVAiia-7. Western Sichuan mountains and gorges
valley Picea spp., Ahies spp. forest
VIAia-1. Surrounding Songnen Plain Quercus
mongolica forest, meadow, and steppe
Temperate steppe Savanna VI. Temperate steppe (except VIAia-1, VIAia-2,
and VIAia-3)Grassland/steppe
Dense shrubland
Open shrubland
Temperate desert Desert VII. Temperate desert (except VIIBib-2,
and VIIBib-3)
Boreal or alpine conifer forest
and deciduous broadleaf forest
Boreal evergreen forest/woodland I. Cold-temperate needleleaf deciduous forest
VIAia-2. Middle-southern Da Hingganling
forest, meadow, and steppe
Boreal deciduous forest/woodland VIAia-3. Western and southern Da Hingganling
mountains forest, meadow, and steppe
IVBiii. Subtropical mountains cold-temperate
needleleaf forest
Alpine meadow, steppe, and scrub Tundra VIII. Tibetan plateau alpine vegetation(except
VIIICi)
VIIBib-2. Eastern Qilian Shah mountains
cold-temperate needleleaf forest, mountain
steppe area
Alpine desert Polar desert/rock/ice VIIICi. Alpine desert
VIIBib-3. Western Qilian Shan mountains
semi-shrubby desert steppe
aTo explain the naming rule of this Vegetation Regionalization Map, let us use the vegetation area ‘‘VIAia-2 Middle-southern Da
Hingganling forest, meadow, and steppe’’ as an example. The symbols VI, A, i, a, and -2 in the name represent the region, sub-region,
zone, sub-zone, and area or province numbers, respectively, and its dominant vegetation type is forest, which is written ahead of the others
(Zhang et al. 2007a)
Table 3 Degree of agreement
represented by kappa statistics j Degree of
agreement
0.00–0.05 No
0.05–0.20 Very poor
0.20–0.40 Poor
0.40–0.55 Fair
0.55–0.70 Good
0.70–0.85 Very good
0.85–0.99 Excellent
0.99–1.00 Perfect
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Evergreen shrubs were distributed widely and concen-
trated in the lake basin of southern Tibet and the middle
and lower reaches of Brahmaputra, with some scattering
in the Hengduan mountains area (Fig. 4i). Cold-decid-
uous shrubs were distributed mainly in mountainous
and hilly areas, such as in the Qinling-Dabashan
mountains and hills, the Da Hingganling mountains, the
Xiao Hingganling mountains, the Changbai mountains,
the Hengduan mountains, etc. (Fig. 4j). Warm (C4)
grasses were distributed primarily in tropical, subtropi-
cal, and eastern temperate areas (Fig. 4k). Cool (C3)
grasses grew mainly in the Songnen plain, eastern inner
Mongolia plateau, Ordos plateau, loess plateau, the
Hengduan mountain areas, and the Tibetan plateau
(Fig. 4l).
Contrasting the simulated and the natural
vegetation maps
The spatial distribution of the vegetation types simu-
lated by IBIS before the parameter adjustments (Fig. 5
b) represented the basic vegetation distribution law in
China. Boreal conifer forest and deciduous broadleaf
forest, temperate deciduous broadleaf forest and conifer
forest, subtropical evergreen broadleaf forest, and
tropical monsoon rain forest and rain forest were dis-
tributed from north to south of the eastern forest zone.
Deciduous broadleaf forest and conifer forest, steppe,
and desert were distributed from the eastern humid and
semi-humid coastal areas to the middle and western arid
inland areas north of the Kunlun mountains–Qinling
mountains–Huai river, which is approximately north of
the subtropics and the Tibetan plateau. Alpine conifer
forest and deciduous broadleaf forest, alpine meadow,
steppe and scrub, and alpine desert were distributed
from southeast to northwest of the Tibetan plateau.
However, the disagreement between the simulated
(Fig. 5b) and the natural vegetation maps (Fig. 5a) was
still signiﬁcant; the tropical monsoon rain forest and
rain forest area was too large to appear in the southern
Sichuan basin. Moreover, the temperate deciduous
broadleaf forest and conifer forest area was small,
whereas the temperate steppe area in eastern temperate
Fig. 5 Comparison of the simulated and the natural vegetation maps
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areas was larger than that in reality. The disagreement
could be attributed to the inaccurate simulation of the
distributions of several PFTs whose composition deter-
mined the type of vegetation in IBIS.
After the parameter adjustments, the simulated veg-
etation map (Fig. 5c) tended to be more rational, and
ﬁtted the natural vegetation map (Fig. 5a) better, espe-
cially in eastern temperate areas, southern subtropics,
and the southern Sichuan basin (Fig. 6). The kappa
statistic between the simulated and the natural vegeta-
tion maps reached 0.76, an increase of 16.9% compared
with the previous parameter adjustment of 0.65. Corre-
spondingly, the degree of agreement between these two
maps rose from ‘‘good’’ to ‘‘very good’’ (Table 3).
As a result of parameter adjustments, the number of
grid cells in the simulated vegetation map that became
consistent with that in the natural vegetation map was
547. This is four times as many as the 137 that became
inconsistent (Fig. 6). It could be attributed to signiﬁcant
improvements in simulation accuracy of the temperate
deciduous broadleaf forest and conifer forest, and the
temperate steppe. After parameter adjustments, the
individual kappa statistics reached 0.76 and 0.70,
respectively, an increase of 85.4 and 40.0% compared
with the previous parameter adjustment of 0.41 and 0.50
(Fig. 7). Correspondingly, the degrees of agreement
between the simulated vegetation map and the natural
vegetation map rose from ‘‘fair’’ to ‘‘very good’’
(Table 3).
The distribution simulation of the other vegetation
types also improved to varying degrees after the
parameter adjustments (Fig. 7). The simulation accu-
racy of the tropical monsoon rain forest and rain forest
distribution was enhanced slightly, with the individual
kappa statistic rising from 0.48 to 0.54. Despite having a
large diﬀerence in the simulated distribution range be-
fore and after the parameter adjustments, the former
greatly exceeded the tropical scope in which the latter
was wholly located. The kappa statistic of the simulated
subtropical evergreen broadleaf forest improved from
0.80 to 0.88, which could be attributed to the exclusion
of the tropical PFTs from the subtropics, especially from
the southern subtropics and the southern Sichuan basin
after parameter adjustments. The simulation accuracy of
the vegetation distribution in the Hengduan mountains
areas changed only slightly, resulting in the kappa sta-
tistic of the boreal or alpine conifer forest and deciduous
broadleaf forest remaining almost unchanged. The
simulated distributions of temperate desert, alpine
meadow, steppe and scrub, and alpine desert ﬁtted the
natural vegetation map well before the parameter
adjustments, with their individual kappa statistics
changing slightly thereafter.
Discussion
Reasons for inaccurate simulations of some PFTs
To achieve a better ﬁt between the simulated and natural
vegetation in China, some of the parameters deﬁned in
IBIS were adjusted: the absolute minimum temperature
range (Tmin) of tropical, subtropical, and temperate
Fig. 6 Grid cells that became consistent and inconsistent with the
natural vegetation map after the parameter adjustments
0.0
0.2
0.4
0.6
0.8
1.0
1 2 3 4 5 6 7 8
Pre-adjustment Post-adjustment
Fig. 7 Individual kappa statistics of the vegetation types before
and after parameter adjustments in the simulation. The vegetation
types indicated in the ﬁgure above are: 1 tropical monsoon rain
forest and rain forest, 2 subtropical evergreen broadleaf forest, 3
temperate deciduous broadleaf forest and conifer forest,4 temper-
ate steppe, 5 temperate desert, 6 boreal or alpine conifer forest and
deciduous broadleaﬀorest, 7 alpine meadow, steppe, and scrub,
and 8 alpine desert
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trees; the foliar biomass turnover time (sleaf) of cool (C3)
grasses; and the speciﬁc leaf area (r) of boreal conifer
cold-deciduous trees and tropical broadleaf drought-
deciduous trees. However, some parameter adjustments
did not have a solid theoretical foundation. In the
present study, Vm15 (an important parameter involved in
photosynthesis of plants) of warm (C4) grasses and
evergreen shrubs was adjusted to reduce the inﬂuence of
their unreasonable growth on the other PFTs in the
simulation. Warm (C4) grasses should not be the dom-
inant PFT in China (Yin and Li 1997). However, based
on the IBIS simulation before the parameter adjust-
ments, warm (C4) grasses grew massively in eastern
temperate areas (Fig. 3k). Furthermore, evergreen
shrubs occupied the lake basin in southern Tibet, as well
as the middle and lower reaches of Brahmaputra
(Fig. 3i), where cool (C3) grasses should be the domi-
nant PFT (Zhang et al. 2007a). Two possible causes of
the problems encountered in the simulation of these two
PFTs are as follows:
1. The inaccurate simulation of the distribution of
evergreen shrubs could be attributed to inaccuracy in
the input climate data interpolated from the obser-
vation data of the meteorological stations. The
number of meteorological stations in the lake basin of
southern Tibet and the middle and lower reaches of
Brahmaputra (approximately 900,000 km2 in total
land area) was only six; these meteorological stations
were located mostly southeast of these areas (Fig. 3i).
The few and unevenly dispersed meteorological sta-
tions, together with the complex terrain of these
places, resulted in some randomness to the interpo-
lation of the climate data, especially in girds far from
any meteorological station.
2. The inaccurate simulation of the warm (C4) grass
distributions in China might be related to a defective
representation of their physiological processes in
IBIS. This representation could be improved further
in the future via developments in research on C4
plants.
Reasons for inaccurate simulations
of some vegetation types
After the parameter adjustments, the simulated distri-
butions of several vegetation types, such as temperate
deciduous broadleaf forest and conifer forest, and tem-
perate steppe, ﬁtted the natural vegetation map better
than before the parameter adjustments. However, the
accuracy of the distribution simulation of some vegeta-
tion types, such as tropical monsoon rain forest and rain
forest, and boreal or alpine conifer forest and deciduous
broadleaf forest, were slightly improved. Two possible
causes of the problems encountered in the simulation of
these two vegetation types are as follows:
1. After the cold tolerance limit of tropical trees was
adjusted from 0 to 5C, the simulated scope of tropical
trees was reduced signiﬁcantly and became smaller
than in the real tropical area (Fig. 4a, b). Such
inconsistency occurred because the average annual
absolute minimum temperature in the Chinese tropics
is 5C. In winter, transient chilling temperatures in the
Chinese tropics would occur only by chance under the
inﬂuence of the monsoon climate, but the temperature
can be lower than 5C (Zhang et al. 2007b). However,
IBIS does not let tropical trees live under this condi-
tion, although these tropical trees may survive in
reality and suﬀer only mild freezing injury. Therefore,
IBIS should be improved to decrease the adverse
inﬂuence of unforeseen extreme weather events to
tropical vegetation simulations.
2. In the Hengduan mountain areas, the dominant
vegetation type should be alpine conifer forest
(Zhang et al. 2007a). The inaccurate simulation of the
vegetation distribution (Figs. 3f, 4f) might be asso-
ciated with the complex and varied terrains in the
Hengduan mountain areas. A small-scale wavy ter-
rain would result in some randomness to a large-scale
simulation, both in the vegetation simulation and in
the meteorological data interpolation. A higher de-
gree of precision would be helpful to achieve a more
accurate simulation.
In conclusion, the uncertainty of the model and input
data presented errors in the simulation. This, we believe,
will be perfected gradually in the future.
Conclusions
The simulated vegetation map before parameter
adjustments described a sketch of vegetation patterns in
China. However, the simulated distributions of several
PFTs and vegetation types still did not coincide with
that in reality. In turn, this resulted in inconsistencies
between the simulated and the natural vegetation maps,
especially in eastern temperate areas, southern sub-
tropics, the southern Sichuan basin, and in the Hengd-
uan mountain areas.
After some of the climatic constraints and physio-
logical parameters of PFTs deﬁned in IBIS were ad-
justed, the simulated distributions of the PFTs in China
tended to be more rational, and the simulation accuracy
of the vegetation map was greatly enhanced. The kappa
statistic against the natural vegetation map reached up
to 0.76—a 16.9% increase from the previous parameter
adjustment of 0.65. Accordingly, the degree of agree-
ment between the simulated and the natural vegetation
maps rose from ‘‘good’’ to ‘‘very good.’’ The number of
grid cells in the simulated vegetation map that became
consistent with that in the natural vegetation map after
the parameter adjustments was 547, four times greater
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than the 137 that became inconsistent. The improvement
in the degree of agreement between the simulated and
the natural vegetation maps can be attributed primarily
to the increase in simulation accuracy of the vegetation
distribution in eastern temperate areas, southern sub-
tropics, and the southern Sichuan basin after parameter
adjustments.
Diverse ecosystems, varied rare species and complex
habitats in China have made the responses of terrestrial
ecosystems highly sensitive to global climate change.
Therefore, it has become very important to clarify the
relationship between climate change and Chinese ter-
restrial ecosystems. The IBIS model validated in this
study proved to be well suited to large-scale simulation
of the natural vegetation distribution over the land of
China, and will provide a powerful support to reveal the
dynamic responses of terrestrial ecosystems to climate
change in China.
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